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ABSTRACT 
We report the electrosynthesis of a water oxidation catalyst based on Ag oxides (AgCat). The 
deposited AgCat is composed of mixed valence crystalline Ag oxides with the presence of particle 
aggregates whose size is around 1 μm. This catalyst, coupled with TiO2 and hematite, and under 
photo-electrochemical conditions, substantially increases photocurrents in a wide range of applied 
potentials compared with bare and Co-Pi-modified photocatalysts. AgCat can sustain current 
densities comparable with other water oxidation catalysts. Dark bulk electrolysis demonstrated that 
AgCat is stable and can sustain high turnover number in operative conditions. Oxygen evolution 
from water occurs in mild conditions: pH = 2-13, at room temperature and pressure, and moderate 
overpotentials (600 mV) compatible with the coupling with semiconducting oxides as sensitizers. 
Using hematite in sustained electrolysis O2 production is significant, both in the dark and under 
irradiation, after an initial slow induction time in which modification of surface species occurs. 
 
INTRODUCTION 
The water splitting reaction is of fundamental importance in the storage of solar energy and in its 
conversion to fuels. The reaction is thermodynamically disfavored, because of its high reduction 
potential, and kinetically hindered owing to the two multi-electron half reactions involved. Bare 
common photocatalysts (ZnO, SnO2, WO3, Fe2O3 and TiO2), which present strongly oxidizing 
valence band potentials (E > 2 V vs Ag/AgCl at pH 1)1, are usually quite inefficient, as photoholes 
are accumulated at the solid/water interface. This favors electron-hole recombination and promotes 
the side production of species which are kinetically competitive with molecular oxygen. 
Advantageous photocurrents are usually obtained through large applied potentials only. For 
efficient water oxidation an oxygen evolving catalyst is needed to favor water oxidation itself over 
side reactions and recombination of photo-generated species. Homogeneous2 and heterogeneous3 
photocatalysts4-5 and electrocatalysts6-9 have been proposed, although they usually have high 
overpotential. 
Cobalt-based oxides have shown promising potential for photocatalytic water oxidation. Among 
these, cobalt phosphate (Co-Pi) presents several advantages compared with precious metal oxides 
(RuO2, IrOx) or spinel and perovskite metal oxides (Mn), which require extreme pH conditions.10 
Co-Pi as a co-catalyst has been reported11-12 to enhance the efficiency of water photo-oxidation 
when it is coupled with WO3,13 ZnO,12 Si14, α-Fe2O3.13, 15-19 When coupled with BiVO4 20-23 Co-Pi 
shows larger O2 production and photocurrent density as compared with CoOx, IrOx, MnOx and 
RuO2 22. The mechanism of Co-Pi on α-Fe2O3 24 and on WO325 shows that the performance of the 
semiconductor-cocatalyst coupled system critically depends on the properties of both. 
Reports on the coupling of Co-Pi to TiO2 are few, compared with the vast literature dealing with the 
use of this semiconductor for remediation.26 The deposition of 8 μm thick Co-Pi on TiO2 prepared 
from titanium(IV) isopropoxide27 showed that Co-Pi produces O2 at a rate of about 4 μmol h-1 in the 
dark under controlled potential electrolysis. The deposition was able to give interesting 
photocurrents and O2 production rates up to 7 μmol h-1, even though at a rather high light intensity 
(2000 W m-2). Co-Pi/Pt deposition on a TiO2 plate-like structure, with a width of several 
micrometers, showed 300 times higher photoactivity than standard TiO2 photocatalysts.28 The 
combination of Co-Pi/Pt deposition and anisotropic electron flow due to the plate structure of TiO2 
significantly reduced the electron/hole recombination.24 I-V curves under dark and illumination on 
either Co-Pi deposited on homemade TiO229 or on nanowire arrays 30 confirmed that a photocurrent 
larger than the dark current is present when the starting applied potential is quite negative (-0.4V vs 
Ag/AgCl or 0.15 vs RHE, respectively). It also confirmed that, depending on the amount of Co-Pi 
deposited, there is an inversion of the two currents when Co-Pi is under a proper redox condition for 
water oxidation. Our results on home prepared anatase thin films also showed that Co-Pi gave 
neither photocurrents nor oxygen evolution at low irradiation intensity (see infra). In summary, 
photocurrent measurements showed that under electrochemical conditions Co-Pi is a good water 
oxidation catalyst, although under illumination it can recombine photoelectrons and holes when 
coupled with semiconductors. The amount of recombination depends on the specific electronic 
properties of the photocatalyst, as it was the case for plate-like TiO2,28 which has marked intrinsic 
ability to favor charge separation. 
Here we report on the characterization and performance of a silver oxide - based oxygen evolving 
catalyst (AgCat) formed in situ upon anodic polarization of an inert electrode in acidic aqueous 
solution of Ag+. Silver and silver oxides have been deeply investigated for application in various 
electrochemical processes, for example as the catalytic cathode material in fuel cells31 or as a 
component of fast ion conducting glasses that can serve as a solid state electrolyte.32 Different silver 
oxides (Ag2O3, Ag2O2 and Ag3O4)33 are suitable for water oxidation. Ag2O3 has had considerably 
weak attention in literature than Ag2O, most likely due to its poor stability. Ag2O3 possesses an 
orthorhombic structure with slightly distorted AgO4 subunits, and d8 Ag(III) ions have an 
approximate square planar co-ordination with four oxygen atoms.33 McMillan34 first suggested that 
AgO was a mixed valence compound, containing an equal number of Ag(I) and Ag(III) cations, so 
the oxide is more accurately described as AgIAgIIIO2 (Ag2O2). The oxide structure consists of a 
distorted face-centered cubic arrangement of metal ions, with Ag(I) cations linearly co-ordinated 
with two oxygen anions, and Ag(III) cations approximately square planar co-ordinated with four 
oxygen anions. Each oxygen atom is co-ordinated by two Ag(III) cations and one Ag(I) cation, and 
the bonding geometry at oxygen is approximately trigonal pyramidal.35 The electronic structure of 
silver oxides has also been recently calculated36 and investigated through XANES spectroscopy.37 
Continuous films of Ag2O2 have been already electrodeposited from aqueous acetate salts and 
characterized. The Ag2O2 film has a direct optical bandgap of 1.1 eV and is quite conductive, as the 
four‐point resistivity is 12 ± 1 Ω cm.38 
The thermal stability of Ag2O2 is poor as it easily decomposes at T>373 K to form Ag2O(s) and 
O2(g).35 Also Ag2O3 and Ag3O4 readily decompose to give Ag2O2 at room temperature in 1 hour.33 
Because silver is not known to take the Ag(IV) valence,35 this thermal instability suggested to us 
that under electrochemical bias Ag2O3 and Ag2O2 could easily evolve O2(g) and the possibly formed 
Ag(I) could be at once re-oxidized to Ag2O2 under electrochemical or photoelectrochemical 
conditions. 
Ag-based catalysts, such as Ag carbonate39, Ag tetraborate,40 or Ag oxides41 have been reported, 
bearing witness to the potential of Ag-based co-catalysts to perform water oxidation. Such 
materials, however, have not been previously coupled with semiconductors to perform water 
photosplitting. Their stability, too, at a different pH and electrolyte composition has not been 
evaluated. 
In this work AgCat was deposited on TiO2 and on hematite, and its performance measured through 
photoelectrochemical techniques and gaseous O2 quantitation. The results have been compared with 
those obtained through Co-Pi deposited on the same substrates as reference. The electrosynthesis 
conditions have been optimized, and the i-V characteristics recorded in a wide range of pH and 
solution compositions. 
EXPERIMENTAL SECTION 
Materials 
Transparent conductive supports (Corning® EXG alkaline earth boro-aluminosilicate glass, 25 x 25 
x 1.1 mm, Indium Tin Oxide coated on one surface, Rs = 9-15 Ω, Transmission >80%, ) were 
bought from Delta Technologies Ltd (USA). 
For the operation and the calibration of the flow controller and GC apparatus, Ar, He, N2, O2 pure 
gases (>99.9995%) were employed (Sapio, Turin), and proper standard mixtures were prepared in 
canisters by dilution. 
Preparation of TiO2 and hematite electrodes 
TiO2 electrodes were made through dip-coating immersing conductive glass slides into a TiO2 
suspension composed of 20-30 nm anatase particles dispersed in butan-1-ol. The TiO2 particles 
were obtained from Ti-isopropoxide partially hydrolyzed with water and nitric acid in the presence 
of non-ionic surfactants.42 After immersion the conductive substrate was withdrawn at 2 cm min-1, 
and, then, the thin homogeneous films obtained were calcined at 450°C for 8 hrs . 
Hematite thin films were electrodeposited (ED) on conductive glass starting from a solution 
containing FeSO4 0.1 M and KNO3 0.1 M and imposing 0.8 V vs Ag/AgCl for 3000 s at the 
working electrode (WE) kept at 30° C; in these conditions the current density recorded was 0.75 µA 
cm-2. To improve hematite film quality (and increase the charge carrier lifetime), hematite was 
deposited also through Pulse Reverse ElectroDeposition (PRED): at a constant potential of 0 V vs 
Ag/AgCl a pulse of the duration of 9.0 ms at 6 V vs Ag/AgCl was superimposed every 10.0 ms. 
The whole deposition process lasted 300 s (3.0 104 pulses). Following the report by Zhu and co-
workers43 we used a solution of FeSO4 0.4 M, ascorbic acid 10 mM, sulfamic acid 5 mM, and boric 
acid 0.3 M. 
Co-Pi and AgCat synthesis 
In accordance with previous reports,3 Co-Pi catalyst used as reference was synthesized on ITO at 
1.1 V vs Ag/AgCl for 1200 s starting from Co(NO3)2 0.5 mM in a phosphate buffer 0.1 M at pH 7. 
The coupling of Co-Pi to n-type semiconductors such as TiO2 and hematite was done through 
photoelectrochemical deposition at a potential which was less positive than the one used for ITO, as 
suggested for ZnO12 and TiO2,30 using an applied potential of 0.7 V vs Ag/AgCl for 1200 s on a 
solution of Co(NO3)2 0.5 mM in a phosphate buffer 0.1 M at pH 7. 
AgCat was synthesized on ITO conductive glass by means of electrodeposition (ED), exploring 
different potentials (between 1.7 V and 2.2 V vs Ag/AgCl), deposition time (between 600 s and 
1500 s), Na2SO4 concentration (between 0 and 10 mM), and pH (between 2 and 5). The AgNO3 
concentration was kept fixed at 1 mM. The sulfate buffer was occasionally used to fix the pH and, 
depending on its different oxidation states, to regulate Ag solubility, so as to avoid the dissolution 
of the electrosynthesized catalyst, and Ag(I) precipitation (for Ag2SO4 ksp=1.2 10-5, Figure S1 in 
Supporting Information). 
The coupling of AgCat to n-type semiconductors, such as TiO2 and hematite, was done through 
photoelectrochemical deposition (AgCat(PED)) at a potential which was less positive than the one 
used for ITO: 1.3 V vs Ag/AgCl for 3800 s in AgNO3 1 mM and KNO3 0.1 M. Here we report the 
results for the photoelectrochemical deposition method only, because the electrodeposition gives 
worse results. The photoelectrochemical deposition is advantageous because the catalyst is 
deposited on surface sites where holes are more efficiently trapped and, conversely, electrons are 
not. This would improve the charge separation in the hybrid catalyst.12 We also developed a PRED 
method (AgCat(PRED)). On the just synthesized AgCat(PED) in 1 mM AgNO3 and 0.1 M KNO3 
solution, a constant potential of 0 V vs Ag/AgCl was applied, over which every 10.0 ms a pulse of 
the duration of 9.0 ms at 6 V vs Ag/AgCl was superimposed. The whole process lasted for 300 s 
(3.0 104 pulses). 
After the synthesis the catalyst performance was tested for the electrocatalytic water oxidation 
through linear sweep voltammetry (LSV). KNO3 solution 0.100 M was brought at pH 2 with HNO3, 
and pH 7, 8.8 and 11 were set with the addition of H3PO4 to sodium phosphate 0.100 M. All the 
measurements were performed in the absence of dissolved silver in the electrolyte. The ITO 
substrate covered with AgCat was polarized between 0.8 V and 2 V vs Ag/AgCl at a 100 mV s-1 
scan rate to detect the anodic current resulting from water oxidation. To demonstrate the catalytic 
behavior and to test the stability of AgCat, bulk electrolysis was carried out for long time in a 
sulfate buffer solution 0.010 M at pH 2, imposing a potential of 1.85 V vs Ag/AgCl. 
Instrumentation 
The electrochemical experiments were carried out through a standard photoelectrochemical set-up 
and a computer-controlled potentiostat (PGSTAT12, Autolab). The electrochemical cell was a 
conventional three-electrode cell. The counter and reference electrodes were a Pt sheet and the 
Ag/AgCl/KCl (3 M) electrode, respectively. The electrolytic solution was purged through nitrogen 
gas. 
To investigate the mechanism of electrocatalytic water oxidation we performed electrochemical 
impedance spectroscopy (EIS) on AgCat thin films in the potential range 1.6-1.9 V vs Ag/AgCl 
with frequency between 10 kHz and 0.1 mHz. We used a Rs(Rf Q) equivalent circuit to fit the data. 
The Rf values were used to get the Tafel plot (-log(Rf) vs E), from which information was gained 
about the reaction mechanism. The electrolytes were K2SO4 10 mM at pH 2 and pH 5, and K2SO4 
100 mM at pH 2. In all cases the ionic strength was buffered with KNO3 to 1.5 M. A 150 W Xe arc 
lamp was used as a light source, with a LOT Oriel power supply and lamp housing. To reject the IR 
part of the lamp radiation, a glass cell filled with distilled water as absorption liquid was placed on 
the light beam. The beam was collimated with lenses with the photoanode cell. The incident light 
intensity at the location of the working electrode was 2.8 W m−2, measured through a radiant 
power/energy meter in the 290-400 nm spectral range and 42 W m−2 in the 290-800 nm spectral 
range. The light intensity employed is rather low compared with reported values.27 The low 
intensity is enough to trigger photoelectrocatalysis and allows better discernment between 
electrocatalytic and photoelectrocatalytic processes. Larger light intensity would simulate the 
functioning of the materials under natural solar light, which is not yet the goal of the present work. 
Conversely, more intense irradiation favors recombination on the semiconductor, as it is well 
established in photocatalysis, 26 and possibly obscure the possible role of the co-catalyst as a 
recombination site. 
The measurement of molecular oxygen was carried out in a continuously stirred tank reactor 
(CSTR) under flow. This configuration: a) reduces the continuous increase of O2 inside the cell 
from unavoidable leaks that increase the errors in the evaluation of net O2 produced;25 b) under 
steady state condition it avoids the correction for the O2 partition between the liquid and gas phase 
controlled by Henry law. A Smart Trak 100 (Sierra) flow controller C100L was used to maintain a 
constant N2 flow of 20.0 mL min-1 through the electrochemical cell. The electrochemical cell used 
for O2 measurement was a custom-built airtight two-compartment cell divided by a frit, in which 
opposite to the frit there was a flat quartz window. Inside the working electrode compartment the 
electrolyte volume is 36 mL, with a head space of 20 mL. The gas flow leaving the cell was 
analyzed every 3 min through an Agilent 490 Micro GC gas chromatograph equipped with a 
Molsieve 5 Å kept at 90° C and 200 kPa and a thermal conductivity detector for the determination 
of O2. The carrier gas was Ar. We preferred GC analysis as carried out by others22, 27, 44 instead of 
using a fluorescence-based oxygen sensor24-25 which has the advantage of sensitivity, but can suffer 
from possible interference by quenching from other oxidant species produced, on which no data are 
available. The minimum detectable O2 concentration with GC measurements is 2.5 μL L-1 (50 
nmol/L-1), corresponding to a minimum rate of O2 production of 0.05 μL min-1 (0.12 µmol h-1 ) 
under N2 flow of 20.0 mL min-1. The faradaic efficiency was calculated as the ratio of (4 × moles 
O2 produced) / (moles of electrons) = (4 × O2 production rate [mol s-1])/(Ael/F × current density), 
where Ael is the geometric area of the electrode, F the Faraday constant and the current density is 
the current measured at a given applied potential divided by Ael. 
The crystal composition of the synthesized films was obtained using a Philips PW 3830 
diffractometer equipped with a PW 3020 goniometer, a PW 3710 MPD control X-ray diffraction 
system and a PW 1140 Cu Kα radiation source generator operated at 40 kV and 30 mA. The 
morphology of the films was determined through a Phenom-World Phenom Pro Desktop SEM. 
For detection of FeO42- (at 505 nm, molar absorption 1070 ± 30 M−1 cm−1) 45 UV-Vis spectra were 
acquired using a Cary 100 UV-Vis spectrophotometer, 9.00 (Varian) version. Spectra were 
registered in the 200-900 nm range at a scan rate of 300 nm min-1 with a step size of 0.5 nm; the UV 
source changeover was set up at 350 nm. The minimum appreciable absorbance in the experimental 
conditions adopted is 1∙10-3. This implies that the lowest detectable FeO42- concentration is 1∙10-6 
M. 
RESULTS AND DISCUSSION 
Characterization 
AgCat, Co-Pi, TiO2 and hematite were deposited on ITO because ITO is stable at oxidizing 
potentials, conductive and transparent, allowing irradiation on both sides of the deposited film. For 
this reason transparent conductive glass supports are commonly used, as they are fundamental 
components of photoelectrochemical cells.3-4, 9, 14, 20, 23-24, 46 
The morphology of AgCat electrochemically deposited on ITO (ITO-AgCat(ED)) revealed by 
means of SEM (Figure 1) is dominated by 0.5-1 μm octahedral particles, in accordance with what 
de Groot and co-workers very recently observed.41 Each particle is mostly separated from the 
others, and the bare substrate is partly uncovered. The condition of the synthesis (pH, Ag(I) 
concentration, applied potential and deposition time) strongly influences the surface morphology of 
AgCat without substantially changing the i-V performance. Since AgCat is in the form of particles, 
once these are deposited on the surface of wide band gap semiconductors, it will form an adaptive 
junction, in which the electrolyte permeates around and through the catalyst reaching the 
semiconductor, and screening the catalyst charge with mobile ions. Therefore there will be no 
electrostatic potential drop within the catalyst, leading to larger photovoltage compared to dense 
catalysts.46 In an adaptive junction the current response should be independent of the catalyst 
employed, as long as the catalyst itself does not act as a recombination center.46 According to 
previous reports 3, 47-48 the electrolyte can penetrate also into a Co-Pi porous structure, allowing the 
direct comparison of the results obtained with the two different catalysts. This, therefore, will reveal 
which of the two co-catalysts under study is mainly promoting recombination of the photogenerated 
charge carriers.  
 Figure 1. SEM micrographs of the ITO-AgCat(ED) electrochemically deposited from AgNO3 1 
mM at 1.85 V for 1050 s at pH 7 in 0.1 M KNO3 at 4000 x (a) and 9400 x (b) magnifications. Scale 
bar is 20 μm in (a) and 8 μm in (b). 
X-ray diffractograms (Figure 2b) are only partially informative, as the catalyst features poor 
stability at room temperature and without applied bias. XRD patterns are also complicated by the 
presence of the ITO substrate peaks. Figure 2a reports XRD diffractogram of ITO-AgCat(ED) 
synthetized at pH 2 and potential 1.85 vs Ag/AgCl in the presence of sodium sulfate 10 mM, that 
partially stabilizes the catalyst. Nine narrow peaks (with 2θ= 21.4, 27.9, 31.3, 32.3, 34.0, 38.2, 44.4, 
46.5, 64.6) can be assigned to AgCat, showing, together with the regular octahedral particles of 
Figure 1, that it is crystalline, even if its deposition is carried out at room temperature, and no 
thermal treatment is performed to increase crystallinity. The peak positions and relative intensities 
are not compatible with only one crystalline phase, but at least with three. No peaks can be assigned 
to Ag2O, whereas the peaks at 2θ = 32.3 and 38.2 are due to Ag2O2 phase.35 Even though Ag2O3 
and Ag3O4 could be formed at the potentials used during electrosynthesis (Figure S1 in Supporting 
Information), their presence cannot be revealed, because they readily decompose to give Ag2O2 at 
room temperature.33 
Since the XRD analysis cannot be carried out under the catalyst working conditions, the 
characteristic peaks of metallic Ag (2θ = 38.2, 44.4, 64.6) can be observed, a phenomenon also 
recently described by de Groot and co-workers.41 The peaks at 2θ = 21.4, 27.9, 31.3, 34.0 and 46.5 
can be assigned to Ag2SO4, which is formed when the synthesis is carried out in the presence of 
sulfate.  
 
 
Figure 2. XRD diffractogram of the ITO substrate (a) and ITO-AgCat(ED) (deposited at 1.85 V for 
1050 s); (b). Peak assignment : (*) metallic Ag, (+) Ag2O2,(x) Ag2SO4. Other conditions as in 
Figure 1. 
 
Electrocatalytic performance for water oxidation 
LSVs recorded with ITO-AgCat(ED) in sulfate buffer 0.010 M at pH 2 (Figure S12 in Supporting 
Information) evidence the onset of the anodic current responsible for the water oxidation reaction at 
1.6 V vs Ag/AgCl (650 mV overpotential). The behavior of the pristine ITO substrate is also 
reported to evidence the significant current increase due to the beneficial AgCat deposition. 
Concomitantly with the increase of the anodic current density at a potential higher than 1.6 vs 
Ag/AgCl, the evolution of gas bubbles is observed on the working electrode surface. 
The best time and potential conditions for electrosynthesis, were found through an experimental 
design approach (with sulfate 10 mM, see Figure S2 in Supporting Information) and resulted 1050 s 
at 1.85 V vs Ag/AgCl, for which we recorded the highest current (1 mA cm-2 at 850 mV 
overpotential) and the lowest overpotential for the onset of water oxidation. 
 
Figure 3. (a) LSVs at different pH values of ITO-AgCat(ED) as functions of the overpotential for 
the water oxidation (conditions: deposition at 1.85 V for 1050 s in KNO3 100 mM, pH 2 and 
AgNO3 1 mM); (b) pH dependence of the potential at which the current onset for water oxidation is 
observed (circles extrapolated from Figure 3a). The dotted line represents the pH dependence of the 
thermodynamic water oxidation potential. 
The electrochemical performance of ITO-AgCat(ED) was tested at different pH values (pH 2.5, 7, 
8.8, 11) and electrolyte compositions. The results are reported in Figure 3a. 
The catalyst has comparable activity at several pH values tested. The potential at which the current 
onset is observed shifts with the pH with an almost Nernstian behavior (see Figure 3b). The current 
onsets are reported in Figure 3b as points superimposed on the Pourbaix phase diagram of the Ag 
system,49 from which it is evident that water oxidation is always mediated by Ag(III). In the 
Pourbaix diagram Ag2O3 is dominant at acid pH, whereas at pH higher than 8, a new phase appears, 
Ag2O2, which is a mixed oxide of Ag(I) and Ag(III). The Pourbaix diagram shows that Ag(III) is 
the necessary thermodynamic condition for water oxidation, coherently with XRD evidence, which 
show that the mixed-valence oxide Ag2O2 is still present under the experimental conditions of XRD 
measurement. However, we have not any direct proof of the presence of Ag2O3. 
Compared with Co-Pi3 the overpotential for water oxidation is larger, approximately 600 mV. 
However, in view of the formation of an adaptive junction with wide band-gap semiconductors, this 
is a minor problem, as the valence band holes in TiO2 and hematite have potentials positive enough 
for the oxidation of the Ag(III)/Ag(I) couple. Referring to Figure 3b, we can break down this 
overpotential into two contributions. Since Ag(III) is necessary for water oxidation, there is an 
unavoidable contribution to the overpotential due to the thermodynamic difference between the 
redox potential of the Ag(III)/ Ag(I) couple and the potential for water oxidation. This contribution 
is dictated by thermodynamic requirements, and cannot be improved changing either the co-catalyst 
morphology or crystallinity. The second contribution can be labeled as the “net overpotential”, and 
represents the electrochemical energy needed to activate the Ag(III) species for water oxidation. 
This second contribution to the overpotential can be minimized by improving the properties of 
AgCat. 
The activity and stability of ITO-AgCat(ED) have been definitely confirmed in different solution 
compositions (phosphate 0.100 M pH 7-11 and 12, carbonate 0.010 M pH 10, sulfate 0-0.10 M pH 
2-5, NaOH 0.1 M pH 13). Only when the concentration of the SO42- was higher than 0.010 M at pH 
5 and 0.100 M at pH 2, did we observe the reduction of the catalyst activity. A large sulfate 
concentration could favor surface complexes that are concurrent with surface hydroxyls involved in 
oxygen evolution. 
On ITO-AgCat(ED) (deposited at 1.9 V for 1200 s) - without any addition of Ag+ to the electrolytic 
solution - we performed bulk electrolysis at 1.85 V vs Ag/AgCl in the presence of a sulfate buffer 
0.010 M at pH 2. We observed a current density around 1 mA cm-2 which lasted for almost 10 hrs, 
concomitantly with a copious evolution of O2 bubbles. Compared with Co-Pi (at 1.29 V versus 
NHE in 0.1 M potassium phosphate electrolyte at pH 7.0 containing 0.5 mM Co2+) the AgCat co-
catalyst gives comparable current density.3 Performing electrolysis for 72 hrs we observed a TON = 
309, considering that 648 C were measured while 2.1 C were necessary for the catalyst 
electrodeposition. TOF remained constant and equal 4.3 h-1 during the whole experiment. During 
the catalyst synthesis gas bubbles formation was already observed, bearing witness to the fact that 
the charge responsible for the catalyst deposition was less than 2.1 C, and that the actual TON was 
probably higher than 309, and the TOF larger than 4.3 h-1. Definition of TON and TOF are available 
in a recent review.50 Then, blank and AgCat bulk electrolysis cycles demonstrate that the 
synthesized catalyst can perform the electrocatalytic oxidation of water and it is stable under a wide 
pH range and conditions of operation. 
Electrocatalytic mechanism 
We used EIS to get the faradaic resistance Rf of the water oxidation reaction on ITO-AgCat(ED) 
thin films. The plot of log(Rf-1) vs the electrochemical potential E yields a Tafel plot.51 The slope of 
the curve obtained can be used to examine the mechanism of the water oxidation reaction. In the 
potential range studied we observed variable and high Tafel slopes (> 150 mV dec-1, Figure 4). 
This behavior has been observed and explained by Bediako et al.48 in terms of joint control of the 
reaction rate by electrocatalytic activity, proton-electron hopping and proton diffusion. In particular 
the Tafel slope can be very high (i.e. almost flat trend of log(Rf-1) vs E, see inset of Figure 4) at an 
intermediate pH buffer concentration, where the reaction switches from electrocatalytic and proton-
electron hopping control to joint electrocatalytic, proton-electron hopping and proton diffusion 
control. For AgCat it is not possible to increase the buffer concentration (sulfate for buffering at pH 
2), since the increase from 10 mM to 100 mM leads to a current decrease by two orders of 
magnitude. We formerly attributed this effect to catalyst inactivation by surface precipitation 
induced by the SO42- anion.  
 
Figure 4. Tafel plot of the ITO-AgCat(ED) (deposited at 1.9 V for 1200 s), measurements with EIS 
at pH 2 (see text). The value of the observed slope (dashed line) at low overpotentials is 149 
mV/decade. Inset: plausible collocation of Tafel data obtained in the present study in the theoretical 
framework proposed in ref.48 
This experiment demonstrated that AgCat behaves like other porous thin film catalysts, in which the 
reaction rate is controlled by multiple factors including the electron transfer, proton hopping and 
diffusion kinetics.  
Photoelectrocatalytic performance on TiO2 and α-Fe2O3 electrodes 
Under illumination and with TiO2, the photocurrent in the presence of AgCat is lower than the one 
recorded without AgCat at potentials lower than 1.1 v vs Ag/AgCl (compare Figure 5 continuous 
lines and Figure S5). This potential (1.1 V at pH 7) corresponds to the standard redox potential of 
the couple Ag2O3/Ag(I). The AgCat(PED) on TiO2 shows the current onset at 1.4 V vs Ag/AgCl at 
pH 7 (see Figure 5), in analogy with the observation made in the absence of TiO2 (Figure S12 in 
Supporting Information). The small current peak appreciable in the dark for AgCat(PED) on TiO2 is 
due to the unavoidable presence of residual metallic Ag which is formed from AgCat 
decomposition during the time needed to i) wash the electrochemical cell after the electrosynthesis 
and ii) change the electrolyte, which must be free from Ag+ for all the characterization 
measurements performed. Under illumination (measurement carried out just after the measurement 
in the dark) the peak is no longer visible. It is worth noting that at the same pH the Co-Pi catalyst on 
the same TiO2 substrate showed complete quenching of the photocurrent. 
The electrochemical and photoelectrochemical performance of bare TiO2 and α-Fe2O3, and that of 
Co-Pi coupled on them, were extensively investigated. The results are mostly reported in 
Supporting Information as reference data with which AgCat properties are here compared. The poor 
performance of Co-Pi, coupled to TiO2 and hematite used in our tests, as evidenced by the 
photocurrent (Figure S5 and S8) and, most importantly, by the negligible O2 production in 
photoelectrochemical conditions (Table S1 in Supporting Information), indicate that an excellent 
electrocatalyst, such as Co-Pi, could not be suitable for coupling with wide band-gap 
semiconductors. In the case of Co-Pi the abatement of photocurrent recorded on TiO2-Co-Pi (Figure 
S5) electrodes and the null O2 production under irradiation observed for α-Fe2O3-Co-Pi electrodes 
under our experimental conditions (Table S1 in Supporting Information) have to be ascribed not 
only to an increased charge carrier recombination promoted by oxidized Co species, but also to the 
production of intermediate species that adsorb on TiO2 and α-Fe2O3, and, there, act as 
recombination surface sites. In a hybrid system with graphene, in which Co-Pi was deposited on 
TiO2, considerable amounts of H2O2 were detected in the presence of phosphate in solution.52 
Phosphate ions bind to the TiO2 surface, as do fluoride ions,53-54 impeding the formation of 
adsorbed surface peroxide ions that recombine charge carriers 55 and impede the formation of 
molecular oxygen. This explanation was also given for the low faradaic efficiencies observed with 
Co-Pi/WO3.25 Moreover the lack of resonance between Co-Pi and TiO2 or α-Fe2O3 valence band 
could impede a fast and selective hole transfer. As the oxidizing potential of the couple 
Ag(III)/Ag(I) is larger than that of Co(III)/Co(II), this could improve the resonance with electronic 
states in the semiconductor valence band. Thus, in the case of AgCat, either hole transfer becomes 
more efficient or recombination of charge carriers is more inhibited. 
 Figure 5. Anodic LSVs of TiO2-AgCat(PED) and TiO2-AgCat(PRED) electrodes in the dark and 
upon irradiation in KNO3 0.1 M at pH 7 
The PRED synthesis of AgCat increases the photocurrent. The electrode TiO2-AgCat(PRED) can 
sustain photocurrent up to 2.5 10-5 A cm-2 in the potential window 0.5 – 1.2 V vs Ag/AgCl at pH 7, 
a value significantly larger compared to both bare TiO2 and pristine TiO2-AgCat (Figure 5, dashed 
lines). 
Nonetheless, only at high overpotential (η=1080 mV) and with low faradaic efficiency (20%) did 
we measure the O2 evolution on TiO2-AgCat(PRED) electrodes. Even if the oxygen production 
under irradiation (0.17± 0.02 µmol h-1) was significantly larger than in dark conditions (0.42± 0.02 
µmol h-1), the high overpotential needed and the low faradaic efficiency obtained coupling AgCat to 
TiO2 reveal that TiO2 itself is a worse photocatalyst for water oxidation, as AgCat (and Co-Pi) alone 
can sustain O2 production under electrochemical conditions. 
The poor results obtained with TiO2 suggested to us to couple AgCat to α-Fe2O3, capable by itself 
to oxidize water,1, 56 and employed with Co-Pi as co-catalyst several times.13, 15-19, 24 We did the 
experiments on α-Fe2O3(PRED) because on α-Fe2O3(ED) the photocurrent is negligible in the 
potential window explored (Figure S6 in Supporting Information). The anodic LSV on α-Fe2O3 
(PRED) in NaOH 0.1 M in the dark and under irradiation is reported in Figure S7. Hematite 
(PRED) shows photocurrent density of 4∙10-5 A cm-2 between 0.75 and 0.95 V vs Ag/AgCl. The 
current density observed in the LSV experiment is responsible for O2 evolution as was confirmed 
by electrolysis cycles at 0.7 V, 0.8 V and 0.9 V vs Ag/AgCl (overpotentials 450 mV, 550 mV and 
650 mV, respectively), in the dark and upon irradiation, in which gas chromatographic detection of 
O2 was performed. We measured O2 evolution on α-Fe2O3 (PRED) above 450 mV overpotential 
(Figure 6). At 550 mV overpotential we recorded 0.37 µmol h-1 in the dark and 0.74 µmol h-1 under 
irradiation (2-fold), while at 650 mV overpotential we observed a larger production, especially 
under irradiation, with a 5-fold increase. The increase of overpotential increases also the faradaic 
efficiency up to 90 % at 650 mV overpotential (Figure 6). It is noteworthy that absolute values of 
photocurrents and O2 production basically depend on the material synthetic route.56 Recently, larger 
photocurrents have been obtained with α-Fe2O3 controlling substitutional doping57-58 and 
morphology,59-60 in combination with specific techniques to address electrochemical losses at the 
surface,61 including the addition of catalysts, such as Ni(OH)2 or β-FeOOH,58-59 and Co-Pi.13, 15, 18, 62 
Thanks to the above-mentioned synthetic routes, these materials have a marked intrinsic ability to 
separate photogenerated charge carriers compared with hematite obtained from electrosynthesis. 
 Figure 6. O2 production rate (logarithmic scale) and faradaic efficiency in the dark and upon 
irradiation for α-Fe2O3(PRED) electrodes without and with AgCat in NaOH 0.1 M at 
different overpotentials. Actual values can be consulted in Table S 2 in Supporting 
Information. 
 
Figure 7. Anodic LSVs for an α-Fe2O3(PRED)-AgCat(PED) electrode in the dark and under 
irradiation in NaOH 0.1 M at pH 13. 
The coupling of AgCat (PED) with α-Fe2O3 (PRED) results in large photocurrent density, which 
increases through increasing anodic bias, up to 800 µA cm-2 around 1.5 V vs Ag/AgCl (Figure 7), 
while at 0.9 V vs Ag/AgCl (650 mV overpotential) the photocurrent density is around 500 µA cm-2 
(Figure 8), and at 0.25 V vs Ag/AgCl (0 mV overpotential) the photocurrent density is 34 µA cm-2 
(Figure 7), these results are very close to the highest values achievable through wet chemistry 
synthesis. 56 
 
Figure 8. Experimental current density and the O2 evolution rate as a function of electrolysis time. 
Conditions: Fe2O3(PRED)-AgCat(PED) at overpotential 650 mV NaOH 0.1 M (pH 13). Main 
picture: experimental measurements. Inset: correlation of the measurements, with slope related to 
the faradaic efficiency. 
Through the bulk electrolysis at 650 mV overpotential (Figure 8), we wanted to i) assess current 
density in the dark and upon irradiation; ii) assess O2 production in the dark and under irradiation, 
and faradaic efficiencies; and iii) to verify if irradiation increases current density and O2 production. 
We verified hypothesis iii), and, additionally, we observed that the photocurrent tended to increase 
with time. We observed that only after 50 min is the steady-state photocurrent attained, and, 
moreover, when irradiation is interrupted (minute 260), there is a long transient in which the current 
density remains higher than before irradiation. Even after 100 minutes in the dark, the current 
density is 300 µA cm-2 higher than its initial value. These phenomena are observed also in the case 
of hematite alone (Figure S9 in Supporting Information), and, therefore, can be attributed to 
potential and light-driven modifications of the semiconductor, which improve the overall 
performance of the material. These modifications are also responsible for small changes of the 
ATR-FTIR spectra α-Fe2O3(PRED) after irradiation for 2 h at 650mV overpotential in NaOH 0.1 M 
(Figure S 11 in Supporting Information).  
Modifications of the structure of irradiated hematite electrodes under anodic electrochemical bias 
were detected in near-edge X-ray absorption fine structure (NEXAFS) studies.63-64 The nature of 
these modifications was not fully understood, and has been tentatively assigned in literature to the 
presence of oxidized Fe species, such as Fe(IV) or Fe(V).63-64 This suggestion is consistent with our 
results, since the modifications occur during water oxidation under irradiation, and, therefore, the 
presence of oxidized Fe species can be justified. Moreover, the modification of surface species, 
including Fe(IV) and Fe(V), is in agreement with the observation that the larger water oxidation 
current, observed when irradiation is stopped, occurs both in the presence and in the absence of 
AgCat co-catalyst (see Figure 8, Figure S9 and S10 in Supporting Information). This modification 
is not instantaneous, and under our experimental setup requires approximately 50 minutes to be 
completed. As a consequence, it could not be revealed or studied with techniques operating at 
shorter timescales, i.e. LSV or chopped light voltammetry commonly used. The evolution of 
aqueous FeO42- can be ruled out instead, since it cannot be experimentally revealed even after 20 
hours of electrolysis at 650 mV overpotential. The experimental detection limit corresponded to 
FeO42- production of 1.5 nmol h-1. Conversely, all these experiments demonstrated also that AgCat 
is stable under irradiation. 
The photocurrent observed during the bulk electrolysis experiment of Figure 8 is responsible for O2 
evolution with 90-100% faradaic efficiency as reported in Figure 6 and Table S2 in Supporting 
Information, thus confirming that the absorbing semiconductor plays its own role in addition to the 
co-catalyst. O2 production achieved with α-Fe2O3(PRED)-AgCat(PED) at 650 mV overpotential is 
noteworthy when compared with the other semiconductor specimens tested in the present work, 
both in the dark and under irradiation. The comparison of bare hematite, Co-Pi on hematite (Table 
S1 in Supporting Information) and AgCat on hematite (Figure 6 and Table S2 in Supporting 
Information) reveals that at 650 mV overpotential Fe2O3(PRED)-AgCat(PED) shows in the dark a 
40-fold increase compared with α-Fe2O3(PRED)-Co-Pi, and 24-fold increase compared with α-
Fe2O3(PRED); under irradiation there is a 6-fold increase compared with α-Fe2O3(PRED), while O2 
production on α-Fe2O3(PRED)-Co-Pi was not detectable. 
 
Figure 9. Anodic LSVs for a α-Fe2O3(PRED)-AgCat (PRED) electrode in the dark and under 
irradiation in NaOH 0.1 M at pH 1 
These results are further improved in terms of overpotential by the deposition of AgCat (PRED) on 
α-Fe2O3 (PRED) (see Figure 9 and Table S2 in Supporting Information). The photocurrent can be 
appreciated at 0.300 V vs Ag/AgCl, corresponding to an overpotential as low as 60 mV. The 
material TiO2-AgCat(PRED) showed an analogous improvement of photocurrents. At this low 
overpotential, however, we did not detect molecular oxygen evolution. Whilst the hybrid system α-
Fe2O3(PRED)-AgCat(PED) did not exhibit a significant O2 production below 0.7 V vs Ag/AgCl 
(η=450 mV), a better performance was achieved with α-Fe2O3(PRED)-AgCat(PRED), which gave 
O2 production already at to 0.65 V vs Ag/AgCl (η=400 mV) with a 50% faradaic efficiency and a 
significant increase under irradiation (Figure 6). Somehow we observed faradaic efficiency lower 
than 100%. This implies that the oxidative current is due to oxidation of water to species other than 
molecular oxygen, because the material itself is not degraded, as supported by exhaustive 
electrolysis. 
AgCat forms a suitable interface with hematite, allowing a more directional charge transfer with 
less recombination. Even though absolute performance in terms of photocurrent is not excellent 
compared with other reports,18, 57-58, 60 in which hematite was doped or prepared through non-wet 
chemistry methods, nonetheless the values here reported are at the upper limit for wet chemistry 
synthesized hematite. In the light of the evidence here reported, we envisage that deposition of 
AgCat on hematite prepared by non-wet chemistry methods would give higher photocurrents.57 
CONCLUSION 
The water oxidation catalyst based on mixed Ag(I,III) oxide (AgCat) works at a moderate 
overpotential and is suitable for the coupling with wide band-gap semiconductors. The AgCat co-
catalyst is produced through electrodeposition in the form of surface particles. The current density 
was optimized with respect to electrosynthesis time and potential. AgCat activity and stability have 
been demonstrated in a wide range of pH (2-13) and solution compositions (phosphate, sulfate). The 
current densities obtained with AgCat are comparable with Co-Pi and can be sustained for long 
times, as demonstrated in dark bulk electrolysis experiments without Ag(I) in solution. 
Semiconductor substrates made of different materials (TiO2 and hematite) and prepared through 
different techniques, when coupled with oxygen evolving catalysts, play a crucial role in 
determining the overall performance of the hybrid materials. The overpotential is rather large in the 
case of AgCat, because of oxidizing conditions required to generate Ag(III), which is the active 
species in the water oxidation reaction. Nevertheless, AgCat coupled with hematite produces 
considerable photocurrents and O2 production with high faradaic efficiency. 
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